A B S T R A C T Hepatic secretions of biliary lipids were estimated in 43 patients with and without cholesterol gallstones. Studies were carried out by a marker dilution technique employing duodenal intubation with a threelumen tube. Hourly secretion rates of cholesterol, bile acids, and phospholipids were determined during constant infusion with liquid formula.
A B S T R A C T Hepatic secretions of biliary lipids were estimated in 43 patients with and without cholesterol gallstones. Studies were carried out by a marker dilution technique employing duodenal intubation with a threelumen tube. Hourly secretion rates of cholesterol, bile acids, and phospholipids were determined during constant infusion with liquid formula.
In 17 American Indian women with gallstones, hourly outputs of biliary bile acids were significantly less than those in 7 Indian men and 12 Caucasian women without gallstones. These findings suggest that a decreased hepatic secretion of bile acids contributes significantly to the production of a lithogenic bile in Indian women. However, in Indian women witlh gallstones, secretion of biliary cholesterol was also significantly increased, as compared with Caucasian women without stones. Therefore, lithogenic bile in Indian women was, in most cases. due to a combined decrease in bile acid output and increase in cholesterol secretion.
In an attempt to determine the mechanisms for these abnormalities, cholesterol balance studies were done in Indian women with gallstones and normal Indian men. Balance data were compared with results reported previously in non-Indian patients studied by the same techniques, and in general, Indian women showed a slight increase in fecal excretion of bile acids. Since bile acids in the enterohepatic circulation were relatively depleted in Indian women. these patients had a reduced fractional reabsorption. However, previous studies have shown that Caucasians can rapidly replenish bile acid pools in the presence of much greater intestinal losses, and it is suggested that among Indian women with gallstones, reduced secretion rates of bile acids are primarily the This work was presented in part at a meeting of the American Society for Clinical Investigation and published in abstract form: 1972. J. Clin. Inv'est. 51: 39a. Received for publication 28 April 1972 and in revised formn 8 Augutst 1972. result of defective homeostatic regulation of bile acid synthesis.
In Indian women with gallstones, at least two factors
INTRODUCTION
Cholesterol gallstones in human beings are usually associated with lithogenic bile, i.e., bile that contains more cholesterol than can be solubilized by the bile acid or phospholipid content (1) . Recent studies indicate that lithogenic bile originates in the liver rather than in the gallbladder (2); hence, abnormal bile could result from an increased hepatic secretion of cholesterol, from a decreased output of bile acids and/or plhospholipids in bile, or from a combination of these changes. Vlahcevic and associates (3, 4) have recently shown that patients with lithogenic bile and cholesterol gallstones generally have reduced pool sizes of bile acids. Thus, they have postulated that lithogenic bile is primarilv due to a deficiencv of bile acids relative to cholesterol. However, previous studies have not provided direct measurements of hepatic secretion rates of biliarv lipids, and they have not adequately determined whether secretion of cholesterol is normal or increased. Therefore, it was the purpose of the present study to examine factors responsible for production of lithogenic bile by measuring secretion rates directly.
Measurement of outputs of biliary lipids were carriecl out by an intubation technique recently developed by us (5) . This method estimates hourly rates of hepatic secretion of cholesterol, bile acids, and phospholipids in pa-tients with an intact enterohepatic circulation. We have applied this technique to the study of American Indian women who are particularly prone to development of cholesterol gallstones (6) , and the results were compared with those obtained from three groups of subjects without stones-Indian men, Indian women, and Caucasian women. The findings showed that Indian women with stones have two abnormalities leading to the production of lithogenic bile; not only were bile acids secreted at a reduced rate by the liver, as might have been predicted from the studies of Vlahcevic and associates (3, 4) , but also, outputs of cholesterol were increased. Therefore, production of lithogenic bile in Indian women with gallstones was due to a combined defect in sterol metabolism.
These studies were extended by applying the sterol balance technique. The balance results suggested that the decreased secretion of bile acids was primarily due to a defective feedback regulation of bile acid synthesis and that increased cholesterol output was mainly the result of increased cholesterol synthesis.
METHODS
Patients. Studies were carried out on the metabolic wards of the Phoenix Indian Medical Center, Phoenix, Ariz., and at the Clinical Center, National Institutes of Health (NIH), Bethesda, Md.
22 Indian women with gallstones were selected from patients admitted for elective cholecystectomy (Table I) . These patients represented a variety of tribes of the Southwest, predominately Pima and Papago. Their ages ranged from 16 to 53 yr (mean 29 yr). They were generally overweight [average per cent ideal weight (7) , 134%] ; their serum cholesterol levels were typically low (mean 158 mg/ 100 ml). 13 patients had visualizing gallbladders with cholelithiasis on oral cholecystography; in all eight patients who had nonvisualization of gallbladders, gallstones were demonstrated at time of surgery. The patency of the biliary tract was confirmed by operative cholangiograms. In one patient (R. H.), cholecystography was not done because gallstones had been palpated at laparotomy several years before; stones were found to be present at subsequent cholecystectomy. No patient had acute cholecystitis, evidence of biliary obstruction, or abnormal liver function tests at time of study. Seven patients had non-insulin-dependent diabetes mellitus, a frequency typical of southwestern Indians.
Findings for these patients were compared with those from three groups of subjects without gallstones: (a) six Indian women, (b) nine Indian men, and (c) 13 Caucasian women. Clinical data on these three groups are shown in Tables II and III. The ages of the 6 Indian women without gallstones ranged from 28 to 58 yr. The mean age (41 yr) of this group was higher than that of patients with gallstones, but the average per cent of ideal weight (123%) was lower. The absence Clinical Data: Indian Klat-matlh of gallstones was proven by cholecystography. None of them had diabetes mellitus or liver disease. The nine Indian men ranged in age from 22 to 47 yr (mean 34 yr). These Indian men were typically less obese than Indian women with gallstones. Several of them had a history of excessive intake of alcohol, but none had abnormal liver function tests during the study. Plasma cholesterol concentrations averaged 152 mg/100 ml. Although absence of gallstones was not proven by cholecystography, all patients were asymptomatic, anid the prevalence of stones is low in this age group (6).
12 Caucasian women without gallstonies were recruited through the NIH normal volunteer program. Seven subjects were studied at the NIH Clinical Center in Bethesda, and five others were studied in Phoeniix. As shown in Table  III, ages ranged from 19 to 21 yr; mean per cent ideal body weight for the group was 100%, and plasma cholesterol averaged 167 mg/100 ml. A 25 yr old Caucasian subject (L. A.) included in the study was not from the normal volunteer program; she was markedly overweight (per cent ideal weight, 184%o). All patients were asymptomatic, and no cholecystograms were done.
Experimental designi. In this study, lipid metabolism was investigated by two different approaches. First, hourly rates of hepatic secretions of biliary lipids were estimated using a duodenal intubation technique. Second, cholesterol and bile acid synthesis and excretion were studied with the cholesterol balance method. The details of these techniques have been presented elsewhere, but their essential features are briefly described below. These methods were applied to the groups previously described, as follows:
Indian women with gallstones were studied for periods ranging from 3 to 21 days. 20 patients were fed a mixed diet of solid food and formula containing 40% of calories as fat. The composition of this diet (Table IV) was similar to that found to be typical of Pima Indian women by Reid and associates (8) . These workers observed that Indian women with gallstones did not exclude fatty foods before surgery. Therefore, it was assumed that the study diet was comparable to diets taken before admission. Hepatic secretion of biliary lipids were determined on 17 patients at the end of their dietary period. In seven women, measurements of cholesterol balance were also carried out for at least 2 wk on the 40% fat diet. Two additional patients were studied on a diet containing 5% of calories as fat for 2 wk.
I1tdian women anzd m7len without gallstones were started on the same diet containiing 40% fat upon hospitalization. After varying periods in the hospital, measurements of biliary lipid secretions were made on six women and six men. In addition, cholesterol balance studies were carried out for 2-4 wk on six men.
Caucasian women without gallstones included two subgroups. The seven subjects who were studied at the NIH Clinical Center in Bethesda received ad lib hospital diets before their intubation studies; on review of menus available to these subjects, we estimated that their diets had contained approximately 40% of calories as fat. The six additional normal volunteers studied in Phoenix were given the diet containing 40% fat (Table IV) for 5 wk before the intubation study.
Both Indian and Caucasian subjects tolerated the mixed solid food-formula diet well. Since the lactose content of this diet was minimal, there was no diarrhea due to lactose intolerance, which is a common disorder among Indians. In fact, this diet caused neither constipation, which can occur with pure formula diets, nor abnormally loose stools.
No differences were noted between bowel habits of Indians and Caucasians.
Hourly outputs of biliary lipids were measured, as described by Grundy and Metzger (5) . This method required intubation of subjects with a three-lumen tube. By roentgenographic guidance, the tube was positioned in the duodenum with two proximal outlets located in the second portion of the duodenum, adjacent to the ampulla of Vater and the third outlet 10 cm distally, just beyond the ligament of Treitz. After proper placement, the tube was fixed tightly at the mouth, and subsequent roentgenograms were taken if there was any indication that the tube had moved out of position. However, follow-up roentgenographic studies on many patients have shown that slippage of the tube rarely occurs.
Liquid formulas containing fat, carbohydrate, and protein (9) were infused through one proximal outlet at a rate calculated to provide the subj ect's daily caloric requirement. Formulas contained 40% of calories as fat in the form of lard. Thus, the distribution of calories in the formula was almost identical to that of the subject's diet (Table IV) . 6-sitosterol, mixed with formula, was infused at a constant rate as an internal marker, while duodenal contents were simultaneously and constantly aspirated from the other two outlets. Less than 5% of intestinal contents passing both sites was aspirated.
Hourly outputs of biliary cholesterol were determined by marker dilution principles from the sample withdrawn distally. Using P-sitosterol as a marker, the output of cho- average for hepatic secretion rates. This procedure reduces the likelihood for significant errors due to transitory inconstancies in gallbladder function, mixing of markers, etc. Statistical analyses of the results were carried out using an approximate t test (10) . This procedure was used in preference to the usual Student's t test since the variances between these different groups were shown to be unequal in most cases.
Biliary lipid composition. Samples obtained from the proximal site adjacent to the ampulla of Vater were analyzed for cholesterol, bile acid, and phospholipid content. * Duration of steady state (hr) and number of successive bile samples analyzed. Samples were withdrawn continuously, and the ratio of the two figures represents the number of hours per collection.
Therefore, bile lipid composition, as well as hourly secretion rates, could be continuously determined throughout each study. Bile composition was plotted on triangular coordinates according to the method of Admirand and Small (1) and was also expressed numerically as the "lithogenic index" (LI) (11) . The latter expression indicates the degree to which a bile sample is saturated with cholesterol. For example, an index of 1.0 signifies that a point of lipid composition falls upon the line of maximum cholesterol solubility that was determined experimentally (1) . When a bile sample is less than fully saturated with cholesterol, the index is less than 1.0, while it is greater than unity for a supersaturated (lithogenic) bile. Sterol balantce studies were carried out as described previously (12) (13) (14) . All patients were maintained for 2-4 wk oni a mixed solid food-formula diet (Table IV) with strict control of caloric intake to maintain constant body weight and to promote a metabolic steady state. Stools collected throughout the last 4-9 days of each dietary period were pooled for analysis of neutral and acidic steroids (12, 13) . Intakes of cholesterol ranged from 100 to 300 mg/day. F3-sitosterol was used as an internal standard to correct for losses of neutral steroids (14) ; it was prepared from tall oil by Mann Research Laboratories, Inc., New York, and was further purified and converted into microcrystalline form by Mr (15) .
Fecal neutral and acidic steroids were isolated separately, and their masses were determined by gas-liquid chromatography (GLC). GLC analysis of neutral steroids distinguished between plant sterols and cholesterol, and between the two families of bacterial conversion derived from plant sterols and cholesterol during intestinal transit (5aH, 33-OH, and 5aH, 3-keto compounds). Analyses were carried out entirely by chemical procedures; no radioactive isotopes were used in these patients.
RESULTS

Outputs of biliary lipids
Average hourly outputs of biliary lipids are given for all groups in Tables V, VI, and VII together with the molar per cent of each lipid component and the lithogenic index for each patient. These results are sunmmarized in Table VIII , and they have also been normalized to 70 kg body weight, 70 kg ideal body weight, and square meters of body surface. Ideal weights were based on body height (7), while surface areas were calculated from height and weight (16 Average outputs of cholesterol in the gallstone group were not significantly different from those found in Indian women and men without gallstones (Table VIII) . However, as compared with Caucasian women without stones, outputs in Indian women with stones were greater to a highly significant degree (means: 47 vs. 29 mg/hr, P < 0.01). Similar differences were noted when results were normalized according to body weights and surface areas. Even when values were normalized to absolute body weights, there was a difference between Indian women with gallstones, who were more obese, and Caucasian women. However, this difference was ac- centuated by correction to ideal weight and surface area. These latter corrections eliminate the contribution of obesity and variation in body size. Hence, they would seem to give a more accurate estimate of the actual differences.
Bile acid outputs. The average output of bile acids for Indian women with stones was 440 mg/hr. In this group, no correlation existed between outputs and age or gallbladder visualization. The mean value for this group was not significantly different from results of Indian women without stones (440 vs. 551 mg/hr).
However, bile acid outputs in women with gallstones were distinctly lower than the averages of either Indian men or Caucasian women (means: 440 vs. 1013 and 868 mg/hr, respectively). When values were normalized, all differences remained significant. Nevertheless, bile acid outputs in Caucasian women varied considerably, and in several subjects, they overlapped those of Indian women.
Phospholipid outputs. No significant differences were found in the uncorrected or normalized outputs of biliary phospholipids between any of the groups.
Lithogenic indices. In 10 of 17 Indian women with gallstones the average LI during the continuous infusion study was 1.0 or greater; in most of the remaining seven patients, bile composition approached the lithogenic range. The mean LI for all the gallstone patients was 1.00. By contrast, the mean LI in six Indian women without gallstones was 0.67, and only one subject had lithogenic bile. In Indian men and Caucasian women without stones, no subject secreted lithogenic bile; their mean indices were 0.50 and 0.41, respectively.
Mean values of bile lipid composition for each patient are plotted on triangular coordinates in Fig. 1 ; the cholesterol saturation curve, as described by Adrnirand and Small (1), is superimposed. As shown here, almost all Indian women with gallstones had a biliary lipid composition near or above the line of maximum cholesterol solubility. Indian men and women without gallstones generally had less lithogenic bile; bile composition from Caucasian women without stones was uniformly within the micellar zone.
As shown in Fig. 1 , the molar percentage of bile acids in most samples was between 55 and 85%. In this range, the saturation line closely approximates a ratio of (bile acid + phospholipid): cholesterol of 10: 1. This 10: 1 ratio is employed in the following section to demonstrate the interrelations in outputs of the three lipids as they contributed to the production of lithogenic bile.
Outputs of cholesterol vs. bile acids plus phospholipids.
In Fig. 2 , the hourly outputs of cholesterol are plotted against the sum of the hourly outputs of bile acids and phospholipids; the values are expressed as micromoles per 70 kg ideal weight per hour. The line at 45°repre-sents a molar ratio of (bile acids + phospholipids): cholesterol of 10: 1. Points above this line would be in the lithogenic zone, as shown in Fig. 1 . In most Indian women with gallstones, values fell near or above the lithogenic line. They were almost completely segregated from subjects without stones, whose points fell well below the line. This figure helps to define the relative importance of the secretion rates of cholesterol and bile acids + phospholipids for production of lithogenic bile.
For example, average outputs of cholesterol and solubilizing lipids were similar for Indian women with and without gallstones (Table VIII) , but four of six subjects without stones were protected from developing lithogenic bile either by relatively low cholesterol outputs or by higher secretion rates of bile acids + phospholipids. In most Indian men, secretion of nonlithogenic bile depended more on a greater output of bile acids than on a low cholesterol output. Nevertheless, secretion rates of cholesterol tended to be lower in men than in women even though averages for the two groups were not significantly different (Table VIII) subjects without stones. Indeed, this secretion of cholesterol independently of bile acids was largely responsible for the production of lithogenic bile in Indian women. However, in some groups of subjects there was a relationship between cholesterol and bile acid outputs. For example, a positive correlation was observed between outputs of these two lipids in Indian women with stones (r = 0.63, P < 0.01); at greater bile acid outputs, these women generally secreted more cholesterol. Although values for combined subjects without stones showed no correlation (r = 0.30, P <0.20), a significant relationship was found between bile acids and cholesterol within one subgroup, i.e. Indian men (r = 0.85, P < 0.02).
These positive correlations might be explained by a mobilization of more cholesterol into bile due to a greater flux of bile acids through the liver. However, an alternate explanation could be that an increased availability of cholesterol for secretion into bile might also result in an increased production of bile acids. In other words, an increase in available cholesterol in the liver might be the cause of both increases in cholesterol and bile acid outputs.
A significant correlation was noted between outputs of bile acids and phospholipids in subjects both with and without stones (Fig. 4) . However, the link between these lipids was not close enough to create a significant decrease in phospholipid outputs in patients with gallstones, as found with bile acids. The data shown in Fig.  4 suggest that Indian women with gallstones continued to secrete relatively normal amounts of phospholipids even when bile acid outputs were diminished. Although a greater secretion of bile acids was associated with larger outputs of phospholipids in these patients, there appeared to be a minimum secretion rate for phospholipids that was maintained despite marked reduction in bile acid outputs.
Cholesterol balance results
Data for cholesterol balance in seven Indian women with gallstones and seven Indian men without stones are presented in Table IX (27) , fecal excretion of unabsorbed dietary cholesterol should have been in the order of 100-150 mg/day. The remainder of fecal neutral steroids was derived from endogenous cholesterol.
Cholesterol balance equals the difference between cholesterol intake and total fecal steroids. In the steady state, cholesterol balance should approximate cholesterol synthesis. When balance results of this study were normalized to ideal weights, no significant differences were found between Indian men and women.
DISCUSSION
The purpose of this study was to examine the metabolic abnormalities responsible for the production of lithogenic bile in American Indian women with gallstones. For this purpose, we have employed an intubation technique recently developed for estimating hepatic secretions of biliary lipids in man (5) . Three groups of subjects, who were without gallstones, served as controls. However, even these control subjects might be considered at risk for eventual gallstone formation. Indian women without stones are particularly prone to development of the disease (6). Among Indian men and Caucasian women, gallstones occur less often than in Indian women, but they are found more frequently than in Caucasian men (6, (28) (29) (30) . Therefore, in comparing hepatic secretion rates, the "normal" or ideal patterns of lipid secretion may not have been adequately defined. Nonetheless, differences between subjects with and without stones were clearly evident; and in our view, these differences were sufficient to delineate the major abnormalities in hepatic secretion of lipids that induce lithogenic bile in patients with gallstones.
In addition to the intubation procedure, cholesterol balance studies were carried out in Indian women with gallstones and in Indian men. Excretions of neutral and acidic steroids were essentially the same for the two groups. Therefore, for further comparison, we have summarized in Table X (12) (13) (14) . Values are given only for groups of patients who received approxi- 1057±154 1483±137 1260±139 * All subjects were on cholesterol balance study for at least 2 wk; throughout this period, 40% fat diets (Table IV) results of these different groups, the findings should provide us with a perspective for interpretation of balance results in Indian patients. The present study strongly supports the concept that cholesterol gallstones in American Indians are secondary to abnormal or lithogenic bile. Since bile obtained under the conditions of our studies was mainly hepatic and not gallbladder bile, we have confirmed that lithogenic bile in Indian women with gallstones originated in the liver, as proposed by Small and Rapo (2). Also, lithogenic bile in patients with stones was usually the result of two factors, namely, a decreased hepatic secretion of bile acids and a concomitant increase in secretion of cholesterol. These alterations could have been related to at least three aspects of cholesterol and bile acid metabolism: (a) reabsorption of bile acids, (b) synthesis of bile acids, and (c) synthesis of cholesterol. In this discussion, we will attempt to evaluate the importance of abnormalities in each of these parameters for the production of lithogenic bile in Indian women.
Reabsorption of bile acids. The reduced rate of hepatic secretion of bile acids in Indian women with gallstones is almost certainly linked to a decreased pool size of bile acids, as reported by Vlahcevic and associates (3, 4) .
One explanation for a decreased pool size could be a reduction in intestinal reabsorption of bile acids. If losses of bile acids were to exceed the patients' capacity to increase bile acid synthesis, a decreased pool size would result. Such a mechanism may explain the increased prevalence of gallstones in patients with major ileal resection (37) . Since bile acids are absorbed almost exclusively in the ileum (38) , removal of this segment of intestine produces a severe defect in their reabsorption along with a marked increase in their excretion (39) . Hence, the postileectomy state could represent one model for gallstone formation, and we can ask whether the decreased hepatic secretion of bile acids found in Indian women with stones might be explained by a defect in bile acid reabsorption.
Intestinal losses of acidic steroids in Indian women with gallstones was not significantly greater than in Indian men without stones; therefore, these women apparently do not have a severe defect in bile acid reabsorption that could entirely account for their gallstones. However, excretions in both women and men appeared somewhat higher than reported previously in non-Indian subjects without gallstones (Table X) . Since the total flux of bile acids through the enterohepatic circulation was reduced in Indian women, an elevated or even normal fecal excretion of bile acids wvould reflect a reduced percentage reabsorption. Thus, in Table XI , we have attempted to estimate the percentage of bile acid reabsorption in subjects with and without stones. Our estimate was based on the assumption that the rate of hepatic secretion of bile acids equals the rate of delivery of bile acids to the lower intestinal tract. The following equation was used for calculation:
Bile acid reabsorption (%) = 100 X [biliary output of bile acids (mg/day) -fecal excretion of bile acids (mg/day) ] biliary output of bile acids (mg/day). (3) Outputs of biliary bile acids were estimated during constant infusion of liquid formula over periods of several hours, and they probably do not correspond precisely to biliary outputs during normal dietary intakes. Nevertheless, in order to approximate reabsorption and to make comparisons, we have assumed that, in all patients, bile acids were secreted into the intestinal tract for 16 hr/day at the rate observed during the infusion study and that they were sequestered in the gallbladder during the remaining 8 hr. Thus, daily inputs of bile acids into the intestinal tract were approximated by multiplying the average hourly output by 16. In seven Indian women with gallstones, reabsorption ranged from 91 to 98% (mean 94%); this mean value was lower than those found for 4 Indian men without stones (97%). Although the differences were not great, percentages of bile acid reabsorption in Indian women with stones tended to be lower than those in men without stones, and thus our patients with gallstones may have had a relative decrease in bile acid reabsorption.
This finding does not necessarily imply that Indian women with gallstones have a mucosal defect in bile acid reabsorption. Such a defect might exist, but other factors could also account for a reduced percentage absorption. For example: (a) passage of intestinal contents through the ileum might be more rapid in Indian women; (b) bile acids might be removed at a fixed rate by adsorption to intraluminal contents; and (c) the colonic phase of reabsorption might be altered by increased conversion of primary into secondary bile acids. At the present time, we cannot differentiate between these possibilities, and more studies will be necessary to determine whether a reduction in percentage absorption in Indian women with gallstones is due to a true defect in reabsorption or simply to a fixed excretion of bile acids resulting from physiological factors.
Although a decrease in bile acid reabsorption may have contributed to a depletion of bile acids in Indian women with gallstones, we question whether the observed reductiQn in hepatic secretion of bile acids can be adequately explained by this mechanism alone. There is considerable evidence that normal subjects, who are non-Indian, can compensate for moderately great losses of bile acids without reduction in pools or development of lithogenic bile and gallstones. This is best exemplified by results obtained with the bile-acid binding agent, cholestyramine. During administration of cholestyramine to non-Indian subjects, fecal losses of bile acids exceed by many-fold those found in Indian women of this study (39) . Yet, there are no indications that cholestyramine causes extreme abnormalities in bile lipid composition such as observed in Indian women with gallstones. For example, Dam, Krogh Jensen, Kallehauge, and Fenger (40) studied the ratio of total bile acids to cholesterol in bile obtained from duodenal aspirates in seven normal subjects before and after 6 wk of cholestyramine treatment. In almost all subjects this ratio was reduced somewhat after 6 wk of treatment, but marked reductions were exceptional. Wood, Shioda, Estrich, and Splitter (41) likewise studied the influence of cholestyramine treatment on lithogenicity of bile in four obese normolipidemic subjects. These workers found no increased lithogenicity throughout a 4 wk period of drug treatment, as compared to pretreatnment values. Also, Kenney and Garbutt (42) observed no significant reduction in pool sizes of total bile acids in six normal subjects given cholestyramine for 5-6 wk. Finally, there have been no reports of increased cholelithiasis secondary to cholestyramine treatment. Fuson (personal communication) has followed 52 patients during 6 yr of cholestyramine therapy, and none of them have developed any symptoms of biliary tract disease or gallstones. Considering these observations together, it appears that cholestyramine does not cause a depletion of bile acids of the magnitude found in Indian women with gallstones; and therefore, the marked reduction in hepatic secretion of bile acids in our patients must be explained in large part by mechanisms other than defective reabsorption.
Bile acid synthesis. Since bile acids are continuously lost from the enterohepatic circulation by fecal excretion, the pool must be constantly replenished by new synthesis in the liver. The control of bile acid synthesis depends largely on feedback inhibition mediated by bile acids (43, 44) . Thus, the size of the bile acid pool is determined by the balance between synthesis and reabsorption. When reabsorption is reduced, synthesis must increase to prevent depletion of bile acid pools. Once a steady state is established, bile acid synthesis equals excretion.
As discussed above, normal persons can compensate for moderate defects in bile acid reabsorption without a reduction in pools. In contrast, Indian women, whose defect in reabsorption of bile acids is only slight at most, are unable to maintain pools at adequate levels by increased synthesis. Therefore, it would appear that the major cause of bile acid deficiency in these patients is a defective regulation of bile acid synthesis. In a sense, feedback inhibition of bile acid synthesis would seem to be overly active in these patients; that is, bile acid synthesis is inhibited at a lower rate of bile acid return than in normal persons. Consequently pool sizes and hepatic secretion rates of bile acids are reduced.
Factors regulating the conversion of cholesterol into bile acids at a molecular level have not been entirely elucidated. Apparently the 7a-hydroxylation of cholesterol is the rate-limiting step, and the rate of this reaction is partially controlled by bile acids (44) . Whether the control of this particular reaction is defective in patients with gallstones remains to be determined.
Synthesis of cholesterol. In most Indian women with gallstones, hepatic secretion rates of cholesterol were found to be increased. Few patients would have produced lithogenic bile if cholesterol output had not significantly exceeded the mean for Caucasian women. In several Caucasian women, secretion rates of bile acids were as low as those of Indian women, but their bile remained in the micellar zone because of low outputs of cholesterol.
High secretion rates of biliary cholesterol in Indian women with gallstones may be related to an increased availability of cholesterol in the liver. This excess hepatic cholesterol could result from increased cholesterol production. Such an increase in cholesterol synthesis is suggested for Indian women by the balance data reported in Table X . When values were normalized to ideal weight, Indian women with stones were shown to excrete about twice the quantity of fecal steroids as non-Indian subjects from other studies. It seems unlikely that this marked difference between Indian women and non-Indians can be explained simply by differences in balance technique or diet. Essentially the same methods were used in all studies, and both normal subjects anid Indian womeni received 40% of dietary calories as fat. Among normal non-Indian subjects, average values for steroid excretion and cholesterol balance were comparable whether they wer-e fed liquid formula (31) (32) (33) (34) (35) or solid food diets (36) (27) showed that when 1 (52) and rat (53) ; in these latter species, cholesterol feeding causes a definite increase in bile acid excretion. In comparison to animals, man excretes more sterol as cholesterol and less as bile acids. This difference is particularly apparent in Indian women with gallstones.
In conclusion, lithogenic bile in Indian women with gallstones may be related to abnormalities in reabsorption of bile acids as well as to excessive synthesis and hepatic secretion of cholesterol. However, in our view, the key abnormality is a defective regulation of bile acid synthesis. A relatively minor defect in bile acid reabsorption, as seen in Indian women with gallstones, would not deplete bile acid pools in normal subjects; yet, in Indian women, who fail to respond with increased synthesis, a small defect in reabsorption may significantly reduce bile acids in the enterohepatic circulation. Likewise, increased production of cholesterol would not enhance biliary cholesterol if the excess cholesterol were rapidly converted into bile acids, as occurs in several animal species. Therefore, a limited capacity for transformation of cholesterol into bile acids markedly accentuates the significance of other abnormalities in sterol metabolism.
Whether lithogenic bile in non-Indian patients with gallstones can be explained by the same mechanisms remains to be proven. Presumably, in ileectomy patients, a severe defect in reabsorption of bile acids alone may deplete the bile acid pool and result in lithogenic bile. On the other hand, in extreme obesity, a greater cholesterol synthesis per se might increase the cholesterol content of bile to the point of supersaturation. However, on the basis of the present study, we suggest that combined defects in bile acid and cholesterol secretion would be required for the production of lithogenic bile in otherwise normal persons. In several Caucasian women of this study, secretion rates of bile acids were relatively low, but they were protected from lithogenic bile by low cholesterol outputs. Since Indian men consistently had higher secretions of bile acids, we might speculate as to whether many Caucasian as well as Indian women do not have relatively small pools of bile acids. If so, they might become susceptible to gallstone formation under conditions that would increase cholesterol output, such as increasing weight. Indeed, our studies offer a reasonable explanation of the relation between obesity and cholesterol gallstones (29). If the excess cholesterol produced in obesity is not converted into bile acids, biliary cholesterol should be increased, and if the bile acid pool is already reduced, lithogenicity of bile should become high. Thus one approach for reducing the cholesterol content of bile, and its lithogenicity, might be weight reduction; in this regard, Miettinen (36) has shown that obese patients produce less cholesterol after losing weight.
A second approach to converting lithogenic into normal bile is to enhance the production of bile acids. This method had been utilized by Redinger and Small (54) who demonstrated in monkeys that the synthesis and hepatic secretion of bile acids can be increased by phenobarbital administration. Although future investigations may reval new techniques for increasing bile acid synthesis, the most effective means available today for expanding the bile acid pool is by oral administration of bile acids (51) . As demonstrated by Danzinger, Hofmann, Schoenfield, and Thistle (55) , the prolonged administration of one primary bile acid, chenodeoxycholic acid, can-transform lithogenic into normal bile, and gallstones may be dissolved or reduced in size.
